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Peak Power and Cooling Energy Savings
of Shade Trees and White Surfaces

Abstract

Urban areas in warm climates create summer heat islands of daily average intensity of 3-5°C,
adding to discomfort and increasing air-conditioning loads. Two important factors contributing
to urban heat islands are reductions in albedo (lower overall city reflectance) and loss of vegeta-
tion (less evapotranspiration). Recucing summer heat islands by planting vegetation (shade
trees) and increasing surface albedos, saves cooling energy, allows down-sizing of air condition-
ers, lowers air-conditioning peak demand, and reduces the emission of CO, and other pollutants
from electric power plants. The focus of this multi-year project, joiatly sponsored by SMUD
and the California Institute for Energy Efficiency (CIEE), was to measure the direct cooling ef-
fects of trees and white surfaces (mainly roofs) in a few buildings in Sacramento. The first-year
project was to design the experiment and obtain base case data. We also obtained limited post
retrofit data for some sites. This report provides an overview of the project activities during the
first year at six sites. The measurement period for some of the sites was limited to September
and October, which are transitional cooling months in Sacramento and hence the interpretation
of results only apply to this period. In one house, recoating the dark roof with a high-albedo
coating rendered air conditioning unnecessary for the month of September (possible savings of
up to 10 kWh per day and 2 kW of non-coincidental peak power). Savings of 50% relative to an
identical base case bungalow were achieved when a school bungalow’s roof and southeast wall
were coated with a high-albedo coating during the same period. DOE-2 simulations of these two
buildings indicated savings of significantly lower magnitude than those measured. Given these
results, the large measured savings may in part be attributed to generally lower insolation during
the post-monitoring period. Our measured data for the vegetation sites do not indicate con-
clusive results because shade trees were small and the cooling period was almost over. We need
to collect more data over a longer cooling season in order to demonstrate savings conclusively.
The DOE-2 simulations of these buildings appear to indicate very small or no savings from trees.
The issue of comparing DOE-2 simulations with measured data will be addressed in further de-
tail during the second year of the project.
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Peak Power and Cooling Energy Savings
of Shade Trees and White Surfaces

Executive Summary

Urban areas in warm climates create summer heat islands of daily average intensity of 3-
5°C, adding to discomfort and increasing air-conditioning loads. Two important factors contri-
buting to urban heat islands are reductions in albedo (lower overall city reflectance) and loss of
vegetation (less evapotranspiration). The lower concentration of vegetation in urban areas
results in channeling a higher portion of the net solar gains into sensible heat rather than into
latent heat, thus enhancing the heat island effect. Vegetation has a large impact on microcli-
mate. In desert cities, for example, evapotranspiraticn (from trees in urban areas) is greater than
of surrounding rural areas (treeless desert lands), actually lowering temperatures in the city; in

climatological terms, this is referred to as the ‘‘oasis effect.”’

In response to the adverse effects of the urban "summer heat island" (SHI) of Sacramento,
the Sacramento Municipal Utility District (SMUD) has embarked on a program to plant 1/2 mil-
lion shade trees over the next 10 years to reduce the SHI by shading homes, schools, and places
of business. Reducing summer heat islands saves cooling energy, allows down-sizing of air-
conditioners, lowers air conditioning peak demand, and reduces the emission of CO, and other

pollutants from electric power plants.

Preliminary analysis indicates that an extensive implementation program of tree planting
and white surfaces in Sacramento (reaching 250,000 unshaded houses) would yield residential
cooling savings of about 600 peak MW. These energy savings can be delivered with little cost.
White surfaces incur no incremental costs; whereas young trees cost about $10 each. Including
purchase, planting, and watering costs, the present-valued cost per saved peak kW from vegeta-
tion would be under $150 per kW in Sacramento (ignoring the many other benefits of more trees,

in terms of urban amenity, aesthetics, and outdoor comfort).




The simulations of heat island mitigation measures provide a common basis for comparison
of the measures and their potential energy and power savings. However, some important ele-
ments, related to actual building operation and both macro- and microclimate variations, are not
easy to evaluate using simulations alone. In order to understand the realistic savings potential
for SHI mitigation measures, before starting large-scale implementation, it is necessary to carry
out field experiments to identify unforeseen problems, and to measure and document actual sav-

ings.

The focus of this project, jointly sponsored by SMUD and the California Institute for
Energy Efficiency (CIEE), was to measure the direct cooling effects of trees and white surfaces

(mainly roofs) in a few buildings in Sacramento.

The specific goals of the first year project were:

e  to assess and document the albedo performance characteristics of various building and pav-

ing materials,

e  to document the air-conditioning energy savings of shade trees and high-albedo surfaces by
instrumenting and monitoring microclimate attributes and air-conditioning energy use in a

few homes and a school in Sacramento,
e to compare simulation results with monitored data, and

e to provide an analysis of impacts of trees and white surfaces to assist SMUD in their pro-

gram.

The project was designed as a collaborative effort between LBL and SMUD. The LBL partici-
pation involved project design, equipment installation, and data analysis. SMUD supplied the
monitoring equipment and instrumentation. Other in kind contribution by SMUD included an

engineer to instrument the selected buildings, collect data, and transfer them to LBL for analysis.

Major tasks in this project included:

Task 1: Performance Data for White Surfaces. This task included making contact with the
industry and performing a review of the manufacturers products and literature, collecting
data for white surfaces, documenting and comparing the data, performing cost-benefit

analysis, and assessing of various strategies for encouraging a wide implementation of this



measure. The purpose of this task was to provide information for creating an implementa-
tion scheme for SMUD and other utilities (see Bretz and Rosenfeld, 1992)

Task 2: Demonstration, Validation, and Documentation. The elements of this task included
identification of monitoring sites, audits of the buildings, development of an experimental
plan, specification and procurement of monitoring equipment, calibration of sensors, instal-
lation and testing of equipment, collection and review of test results, base case and retrofit
monitoring (data collection), and data analysis to assess savings from experimental meas-

ures.

Task 3: Simulations of Energy and Peak Saving. This task included DOE-2 simulations of
the buildings and a comparison of the simulated results with measured data. These results
were then used to calibrate the model. The calibrated model was used to extrapolate results

for different combinations of tree shading and albedo strategies in four differents climates.

This final report is prepared in seven chapters and two attachments.* Chapter I provides an
overview of the project. Chapter II discusses the process of site selection, provides information
on site characteristics, and discusses the albedo and tree modification experiment performed on
each site. For each site, we developed a monitoring protocol for data measurement and provided
guidelines for building operation. Monitoring protocols for all sites are presented in Attachment
B, and the overall monitoring protocol is discussed in Chapter III. Chapter III also presents a
general description of the installed equipment, instrumentation of the sites, and calibration of the
equipment. Chapter IV is a summary of our field experience in performing this monitoring pro-
ject. Chapter V, the data analysis chapter, is the heart of this report. In Chapter V, we present a
review of the data analysis and simulation methodologies, discuss the measured and simulated
energy impacts of white surfaces and shade trees for each site, compare simulation results with
measured data, and discuss the differences. Chapter VI extrapolates our calibrated DOE-2 simu-

lations to four climate regions in California, i.e., Sacramento, Riverside, Fresno, and Pasadena.
* Three other attachments which were included in the draft report have been omitted here. The

first one is LBL-31721, High Albedo Materials for Reducing Building Cooling Energy Use, H.

Taha, D. Salior, and H. Akbari. The second omitted attachment is LBL-32467, Implementation of

Solar Reflective Surfaces: Materials and Utility Programs, S. Bretz, H. Akbari, A. Rosenfeld, and

H. Taha. Also for the sake of brevity, the detailed workplan attachment has been omitted.




Chapter VII provides a summary of the project and suggests tasks to be completed in the second
year project.

This project was implemented over two years. The first year project was to design the
experiment and obtain base case data. We also obtained limited post retrofit data for some sites.
Hence the first year report is preliminary in nature, and all conclusions are subject to further

verification during the next year.

The measurement period for some of the sites were limited to September and October. These
are transitional cooling months in Sacramento, and the measured results presented here are lim-
ited to these measurement periods. During the second year project we will measure the impacts
of shade trees and white roofs during the peak of the cooling season. However, for the 1991
report, with the help of simulations, we estimate the impact of high-albedo roofs and shade trees

on cooling energy use for the hot summer months of June, July, and August.

For each site, pre- and post-retrofit cooling electricity use data are examined as a function
of outdoor temperature (means and maxima), indoor temperatures, indoor/outdoor temperature
differences, and solar radiation, as appropriate to each particular case. A discussion of solar
radiation and its change over time (during the monitoring period) is provided in order to demon-
strate the decrease in solar radiation during the monitoring period and it’s effect on cooling
energy use. Finally, hourly time-series of cooling electricity usage are shown and compared

with simulated results.

A major objective of this project was to quantify the potential of high-albedo materials and
vegetation for reducing cooling energy use in buildings. The first year measured data indicated
that albedo modifications had significant impacts on cooling energy use. We did not gather

sufficient data to conclusively demonstrate the impact of vegetation modifications.

In one house, recoating the dark roof with a high-albedo coating rendered air conditioning
unnecessary for the month of September. Savings of 50% compared with the identical base case
bungalow were achieved when a school bungalow’s roof and south-east wall were coated with a
high-albedo coating during the same period. DOE-2 simulations of these two buildings indi-

cated savings of significantly lower magnitude than those measured. Given these results the




large measured savings may in part be attributed to generally lower insolation during the post-

monitoring period.

For the vegetation sites, savings were generally lower than those for the albedo cases. In
one house, the addition of two trees on the west and one tree on the south sides resulted in a
reduction of ~40% in cooling energy use, whereas the addition of two southwest trees to another
home reduced its cooling energy by ~30%. The other two other cases showed smaller savings.
The addition of two trees on the east side of a well-shaded house reduced its cooling energy use
by ~10%, and the addition of six trees on the south side of a completely unshaded home reduced
its energy use by only ~10%. However, these savings will be smaller once corrected for solar

intensity and so, should be regarded as possible overestimates.

The DOE-2 simulations of these buildings appear to indicate very small or no savings from
trees. The issue of comparing DOE-2 simulations with measured data will be addressed in
further detail during the second year of this project. Ways of improving the simulations to

reflect actual conditions are suggested in this report.

In addition to differences in internal loads, schedules, and envelope characteristics, one rea-
son that some sites had larger percent savings than others might be the fact that the local micro-
climate was different from one location to another. For example, Site 2 was in a cooler environ-
ment, heavily shaded, and therefore, this might have helped save 100% of cooling energy use in
September when the roof was recoated with a high-albedo coating. Site 8, on the other hand,
was in a warmer part of Sacramento, and that might explain why only 10% or less of cooling
energy was saved by planting six trees on its south side. Microclimate variations are briefly dis-

cussed in this report.

In general, the DOE;2 simulations confirmed our measured data. Simulations indicated
that the albedo modifications made to Sites 2 and B could produce significant changes in cooling
energy use. On the other hand, the simulated direct shading effect of trees used in the study led

to almost imperceptible changes in cooling use, most likely because of their small size.

Note that the simulations only calculate the direct effect of trees on building surfaces and

windows. Any indirect cooling effects of these trees cannot be evaluated in the DOE-2 model.




Other effects, such as increased cooling system performance from direct shading of the air-
conditioning condenser unit or indirect/microclimate effects of evapotranspiration were not
modeled. The DOE-2 simulation results suggest that the direct shading effects on cooling

demand are not significant in these cases because the trees were small.

The impact of the modifications on cooling energy use are summarized in Table EX-1 for
both measured and simulated data. We present average daily cooling energy consumption during
the pre- and post-periods from the measured data and from the model. We also present simulated
daily cooling energy use during the pre-period, but using the modified case building input. The
models were used to evaluate cooling usage over the specific periods of monitoring for com-

parison.

In Table EX-2, we present monthly and annual estimates of cooling energy use from the
simulation models. Note that in this case we use the Sacramento TMY (Typical Meteorological

Year) weather tape, and thus do not account for microclimates specific to each site.

We used the calibratzd simulation models for the six houses and the school bungalow to
estimate cooling energy savings for other combinations of tree and albedo strategies and in four
climates regions in California. In this parametric study, we modeled the direct shading impact of

varying amounts of tree cover as well as the effects of changes in roof and wall albedos.

The average annual energy and peak power savings potentials are summarized in Table
EX-3. The savings are averaged using the basecase consumption for each building as a weight-
ing factor. The average energy saving potentials is about 33% in Fresno and about 42% in other
climate regions. The average peak power saving potentials is about 17% to 20%. Note that,
since the air-conditioning systems are designed for Sacramento climate, the peak power savings

for other climates, particularly Fresno, may be underestimated.




Table EX-1. Measured and Simulated Daily Energy Use and Peak Demand

Measured Simulated
Period Average Daily Average Daily
Building start  stop | Energy Peak Energy Peak
Site Modification day day | (kWh) (kW) (kWh) (kW)
Site1  Control 236 293 5.17 1.40 7.00 141
Site2  Base 235 253 2.95 0.90 3.26 0.67
Albedo 260 293 0.39 0.18 0.34 0.11
Albedo 235 253 0.93 0.24
Site5 Base 254 258 10.33 191 7.55 1.49
Trees 268 293 9.75 2.03 8.90 1.68
Trees 254 258 7.22 1.47
Site6  Base 234 266 5.51 1.72 7.49 151
Trees 268 294 3.60 1.27 5.03 1.20
Trees 234 266 7.46 1.50
Site 7  Base 247 266 7.95 1.51 13.15 2.12
Trees 268 291 6.81 1.65 11.49 2.00
Trees 247 266 13.09 2.10
Site8 Base 235 248 20.68 "2.69 20.10 2.45
Trees 268 294 14.79 2.23 17.09 243
Trees 235 248 19.93 243
Site B* White (78°F Tset) 6.93 1.30 7.92 1.22
Metal (70°F Tset) 17.35 2.70 15.78 1.70
Metal (78°F Tsct) 9.36 1.39

* Thermostat settings at Site B were changed during the monitoring period.
Monitoring took place for thermostat setting of 70°F and 78°F
as indicated above.




Table EX-2. Annual Cooling Energy Use and Peak Energy Demand (including Fan)

(Sacramento TMY Weather)
kWh kW
Site 1 Control | 1166 3.99
Site 2 Base 793 293

Site 2 Albedo 466 2.47
Site 5 Base 1865 4.46
Site 5 Trees 1822 4.44
Site 6 Base 1250 4.24
Site 6 Trees 1244 4.24
Site 7 Base 2285 4.23
Site 7 Trees 2276 4.23
Site 8 Base 2804 3.73
Site 8 Trees 2746 3.73
Site B*  Base 1099 3.48
Site B*  Albedo 863 2.80

*  School occupancy schedule is 1/1-5/31 and 9/3-12/31 with appropriate holidays.

Table EX-3. Average Annual Cooling Energy and Peak Power Saving Potentials of Shade
Trees and White Surfaces. The savings are averaged using the basecase consumption for each

building as a weighting factor.

Base Case Savings
Energy Peak | Energy Peak
Climate (kWh) (kW) (%) (%)
Fresno 3306 4.28 33 17
Riverside 2056 3.69 42 19
Sacramento 1399 3.78 43 19

Pasadena 1427 3.30 42 20




I. INTRODUCTION

Urban areas in warm climates create summer heat islands that increase daily average tem-
peratures by 3-5°C, add to discomfort, and increase air-conditioning loads. Two important fac-
tors contributing to urban heat islands are reductions in albedo (lower overall city reflectance)
and loss of vegetation (less evapotranspiration). A typical urban surface has an albedo of ~ 15%
and is lower than the albedo of rural areas (~ 25%), which results in an increase (~ 10%) in
urban solar absorption. The lower concentration of vegetation in urban areas results in channel-
ing a higher portion of the net solar gains into sensible heat rather than into latent heat, thus
enhancing the heat island effect. Vegetation has a large impact on microclimate. For example,
evapotranspiration (from trees in urban areas) in desert cities, is greater than that of surrounding
rural areas (treeless desert lands), actually lowering temperatures in the city, in climatological

terms, this is referred to as the ‘‘oasis effect.’’

We have been studying how to mitigate the heat island effect in U.S. cities by increasing
urban vegetation and albedo. Preliminary estimates of potential summer peak and energy sav-
ings from summer heat island (SHI) mitigation have been made for single-family residences in
Sacramento, California, using the DOE-2 building simulation model. The results indicate that
shading homes (windows, walls, and roofs) with trees can save as much as 34% of their peak
cooling demand on a hot summer day (Akbari et al. 1990, Huang et al. 1990). Even more
promising results were obtained by simulating a change in the overall albedo of the city, from an
existing ~15-20% to a ‘‘whitewashed’’ 40% (Akbari et al. 1990, Taha et al. 1988). Under such
conditions, the simulated peak cooling demand dropped by ~40-50% in Sacramento. The
overall combined effects of trees and white surfaces may yield savings of as much as 50% in

residential cooling peak demand in Sacramento.

An extensive implementation program in Sacramento (reaching 250,000 unshaded houses)
could yield residential cooling savings of about 600 peak MW. These energy savings can be
delivered with little cost. White surfaces incur no incremental costs; whereas young trees ini-
tially cost about $10 each. Including purchase, planting, and watering costs, the present-valued
cost per saved peak kW, in Sacramento, would be less than $150 (ignoring the many other
benefits of more trees, in terms of urban amenity, aesthetics, and outdoor comfort) (SMUD
1990).
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The simulations of heat island mitigation measures provide a common basis for comparison
of the measures and their potential energy and power savings. However, some important ele-
ments, related to actual building operations and both macro- and microclimatic variations, are
not easy to evaluate using simulations alone. In order to understand the realistic savings poten-
tial for each SHI mitigation measure, before starting large-scale implementation, it is appropriate
to carry out field experiments to identify unforeseen problems and measure and document actual

savings.

Measured energy savings from urban trees and white surfaces are scarce. The only previ-
ous experimental case study, related to the impact of vegetation, is that of Parker (1981) in
Florida. In that experiment, Parker measured the cooling energy consumption of a mobile build-
ing before and after adding trees and shrubs, and found savings of up to 50%. On the other hand,
no significant data are available on the effects of white surfaces. It is the objective of this project

to monitor both of these effects in several buildings in Sacramento.

Trees and white surfaces affect the cooling energy consumption of a building in two ways:

1. Direct Effect: Trees shade buildings, blocking solar gain. White roofs and walls reflect

most incident solar energy. Both of these factors decrease buildings cooling loads,

2. Indirect Effect: Microclimatic variations resulting from changes in the surface heat bal-
ance caused by evapotranspiration and lower solar heating of the light-colored buildings

and surfaces.

A. Project Objectives

This project is a collaborative effort with The Sacramento Utility District (SMUD) to
assess, monitor, and document the direct effects of shade trees and white surfaces. The project
was implemented in two phases. The focus of the first phase was to measure the direct cooling

effects of trees and white surfaces (mainly roofs) with particular emphasis on trees.

The specific goals of the first year project were:

e to document the air-conditioning energy savings of shade trees and albedo changes by
instrumenting and monitoring microclimate attributes and air-conditioning energy use in a

few selected homes and a school in Sacramento,
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e  to compare simulation results with monitored data,

e to provide analysis of the impacts of trees and white surfaces to assist SMUD in its pro-

gram, and

e to assess and document the albedo performance characteristics of various building and pav-

ing materials and specify/recommend how they should be used in an incentive program.

B. Project Scope

As we discussed above, the objective of this project was limited to measuring the direct impact
of shade trees and white surfaces on cooling energy use of several buildings in Sacramento.
There are several other impacts that trees and white surfaces may have on building energy use
and the local environment that may need to be addressed in follow-up studies. Some of these

other energy and environmental factors are discussed below.

Sample Selection

Only seven buildings participated in this study. The sample included only those buildings, out
of approximately 100, whose occupants/owners responded positively and agreed to participate in
this project. Hence, the sample of monitored buildings, by no means, is representative of the
population. Furthermore, we do not account for the effects of the possible changes in occupants’
behaviors as a result of participation in the monitoring study. Care must be taken in extrapolat-
ing the results to other climates and building types. With the help of calibrated simulations, we

present some extrapolated savings for other climate regions, for the buildings types studied.

Impacts on Heating Energy Use

Trees and white surfaces affect the heating energy use of a building. In several earlier studies,
with the help of simulations, we addressed the heating energy use of buildings (Akbari and Taha
1991, Taha and Akbari 1988, Huang and Akbari 1990). Trees have a negative effect on heating
energy consumption by shading a building and a positive effect by shielding the building from
cold winter wind. Although these effects are not fully understood for all different climate
regions and all building types, earlier studies indicate that trees may also save energy in winter,
particularly in cold climates. The impact of white surfaces is even less understood. Our simula-
tions for two California cities indicated that about 10-20% of the summertime cooling energy

savings are taken back through increased wintertime heating. Future studies should address, in
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detail, the heating impacts of trees and white surfaces.

The Impact of Reflected Radiation on the Cooling Energy Use of Adjacent Buildings

The impact of the reflected radiation from a building on the adjacent buildings is another issue
for further consideration. Simple calculations, however, show that the total (sum of long- and
short-wave radiation) incident on a neighboring buildixig is independent of the albedo of the test
building; simply, under equilibrium conditions, the solar radiation incident on a surface is either
reflected back as short-wave radiation or absorbed by the surface and re-emitted as long-wave
radiation. The proportion of the long-wave and short-wave radiation, however, is important on
the cooling energy load of a zone. If the reflected radiation is incident on a opaque walli, the
higher the fraction of the short-wave radiation, the lower the cooling energy load of the zone. If
the reflected radiation is incident on windows, it is obviously better to have a lower fraction of

short-wave radiation. A study should be designed to address this issue in further detail.

Experimental Protocols

A practical issue of serious concern in a field experiment is normalization of data for cross-
comparison with other building types and across different climates. Issues such as operation of
the air conditioners, windows, and curtains are typical of such complexities. For instance, some
people may have a higher tolerance for elevated indoor temperatures than others. Some may
open the windows as soon as the outdoor conditions are favorable and some may not. In this
project, we have not addressed these variations in the actual operations of the experimental
buildings. We have developed a set of guidelines for building operations that would make the
data analysis less cumbersome. These guidelines are discussed in this report. A separate study
is needed to compare these guidelines with a statistically representative assessment of prevailing

practices in the operation of buildings.

Trees and Air Quality

Although trees are known for their shading and neighborhood-cooling effects, some trees are
also known for their impacts on other environmental issues such as air quality. Some trees emit
reactive organic gases (ROG) that contribute to air pollution; some trees improve the air quality
by collecting the dust and larger particles from the air. The California Institute for Energy
Efficiency (CIEE) has sponsored a project to study the impact of trees and white surfaces on the
air quality of the Los Angeles Basin ( Ritschard et al. 1992).
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Practical Implementation Issues

There may be some legal issues related to trees. In a lester to the Principal Investigator, Tony
Fung of Southern California Edison Company states that, "Trees create more disputes among
neighbors than any other subject matter. Practical issues such as driveway breakups, foundation
cracking, sewage/pipe blockage and breakage, view reduction, as well as potential hazards (fire,
storm, etc.), should be addressed" and studied in detail. Before embarking on a major imple-
mentation program, the utilities should address and study all implementation issues that need to
be considered in a program. Pilot studies are usually good vehicles to gather field experience for

program implementation.

Of equal importance is the long-term change of the surface albedo and shading of trees.
The short-term focus of this monitoring project did not provide an opportunity to address the
long-term changes in albedo and tree shading. These issues need to be studied over longer

periods.

C. Project Tasks

The project focused on collecting performance data for white surfaces, demonstrating and
validating energy savings of shade trees and white surfaces in several buildings in Sacramento.
The project also includes a performance assessment of different products and treatments for
white surfaces to specify/recommend how to use white surfaces in buildings to achieve capacity
and energy savings. As stated earlier, the project was designed as a collaborative effort between
Lawrence Berkeley Laboratories (LBL) and SMUD. The LBL participation involved project
design, equipment installation, and data analysis. SMUD supplied the monitoring equipment
and instrumentation. Other in-kind contributions by SMUD included an engineer to instrument

the selected buildings, collect data, and transfer them to LBL for analysis.

Major tasks in this project included:

Task 0: Detailed Workplan. In collaboration with SMUD, we developed a workplan outlining
the details of the project’s scope and tasks. The workplan focused on the details of the monitor-
ing experiment, where a significant coordination between SMUD and LBL was needed. This
task was completed and delivered to SMUD and CIEE in March 1991.
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Task 1: Performance Data for White Surfaces. We assessed the albedo performance characteris-
tics of various building and paving materials and specified/recommended how they should be
used to achieve peak power and energy savings. This task included reviewing the manufactur-
ers’ products and literature, collecting data for white surfaces, contacting the paint industry for
data, documenting and comparing data, performing a cost-benefit analysis, and assessing various
strategies to encourage a wide implementation of this measure. Our findings regarding this task
are summarized in two earlier reports prepared for CIEE and SMUD (Taha et al. 1992 and Bretz
et al. 1992).

Task 2: Demonstration, Validation, and Documentation. In this task we studied and documented
the air-conditioning energy savings of shade trees and albedo changes by instrumenting and
monitoring microclimate attributes and air-conditioning energy use at seven sites in Sacramento.
The elements of this task included identification of monitoring sites, audits of the buildings,
development of a plan for the experiment, specification and procurement of monitoring equip-
ment, installation and testing of equipment, collection and review of test results, base case and
retrofit monitoring (data collection), data analysis, and preparation of reports. All the major ele-

ments of this task were performed jointly by LBL and SMUD.

Task 3: Simulations of Energy and Peak Savings. We performed DOE-2 simulations of the
buildings, compared the simulated results with monitored data, and refined and validated predic-
tion algorithms. Based on the results of Task 2, we performed an analysis for white surfaces and

shade trees for four representative climates in California.

Our preliminary findings regarding Tasks 2 and 3 were reported in an interim report to CIEE and
SMUD (Akbari et al. 1992). In the interim report, we discussed the project design, specification
and procurement of the monitoring equipment, calibration, installation, and validation of the
data-logging systems, and the preliminary analysis of the collected data for three sites. This final
report updates the work presented in the interim report and completes the analysis of the meas-

ured data collected during the first year of the project.
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D. Organization of Report

This report was prepared to document the first year efforts of the monitoring task and to
provide preliminary savings results. In addition to this introductory chapter (Chapter I), the

report is organized into six other chapters.

Chapter II discusses the process of site selection and provides an overview of the charac-
teristics of each site. The chapter also describes the albedo and tree modification experiments

performed on each site.

For each site, we developed a distinct monitoring protocol for data measurement and pro-
vided guidelines for the operation of the site. Each protocol discusses the overall characteristics
of the site, the data points, data monitoring intervals, and a guideline for the operation of the
building. Monitoring protocols for all sites are presented in Attachment B, and the overall moni-

toring protocol is also discussed in Chapter II.

Chapter 111 presents a general description of the installed equipment, instrumentation of the
sites, and calibration of the equipment. In this chapter we first discuss the characteristics of sen-
sors and data loggers used in the project. Then we discuss the installation of the instruments on
each site. Finally, we briefly review both the bench calibration and the pre- and post-dynamic

calibration of the monitoring systems.

Chapter 1V is a summary of our field experience in performing this monitoring project. We
first discuss our experience and problems encountered in selecting, purchasing, installing, and
programming the monitoring equipment. Bringing shade trees to the sites and changing the
albedo of the roofs and walls, at times, provided serious challenges to this project. This chapter

also discusses our practical experience regarding tree-planting and white-surfacing of the sites.

Chapter V is the data analysis chapter. We first present an overall review of the data
analysis and simulation methodologies. Then we present the measured and simulated energy
impacts of white surfaces and shade trees for each site, compare simulation results with meas-
ured data, and discuss the differences. This chapter concludes by providing a summary of the
simulated and measured savings for all sites and by providing a brief review of microclimate

variations on each site.

In Chapter VI we use the calibrated simulation models for the six houses and the school
bungalows to estimate cooling energy savings for other combinations of tree and albedo stra-
tegies and in four climates regions in California. In this parametric study, we model the direct

shading impact of varying amounts of tree cover as well as the effects of changes in roof and
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wall albedos.

Chapter VII is the summary and conclusion chapter. This chapter provides an overview of

the results and recomendations for the 1992 monitoring project.
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I1. SITE SELECTION, DESCRIPTIONS, MODIFICATIONS, AND
MONITORING PROTOCOLS

A. Sites Selection

During the early stages of this project, we sent questionnaires and inquiry forms to
homeowners in the Sacramento area. The forms were sent to recipients from a list of people who
had previously participated in other monitoring projects conducted by this and other groups. In
addition, some of the forms were sent to SMUD employees. Each questionnaire/form requested
information on  building  characteristics,  occupancy  schedules, and system
characteristics/operations, as well as general information on the site and the surrounding albedo
and vegetation density. The questionnaires also contained a request for consent to instrument

the buildings. Appendix A shows an cxample of the questionnaire.

The initial number of respondents was not large (~15), and additional factors further
reduced this number. Many of those who initially expressed interest in participating did not
respond in the final screening stages. We were left with 6 buildings,t which we decided to mon-
itor. In addition to these buildings, two bungalows at a nearby school were made available for

the monitoring project.

Therefore, we did not actually select these buildings, rather, they were opportunity sites.
We had no control over the selection, and the only choice we had was to decide which would be
vegetation cases and which would be assigned to albedo modifications. In the following sec-

tions, we describe each site and exr.ain how it was monitored.*

t Initially we had recruited cight sites for monitoring: Site 1 through Site 8. However, Sites 3 and
4 withdrew at a latter stage and did not participate in the project. To keep our records straight, we
kept the initial numbecrs of the sites throughout the project.

* Due to the very process of site sclection, and the limited responses that we received, the sites are
by no means representative of the cntirc area. Also, due to these limitations, the results of this
project will not have statistical significance.
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B. Site Description

Six of the seven sites formed an arc about 32 km long, stretching from northeast
Sacramento to its southeastern newer areas. The seventh site was a school, where we monitored
two classroom bungalows. Figure II-1 shows the relative locations of these sites. Table II-1

summarizes the characteristics of the participant buildings.

Site 1 was the northernmost site of the arc. It was located in a relatively new residential
area and was typical of new construction. Since it was shaded and located next to a similar but
unshaded building (site 8), we decided to use site 1 as a control station. Site 2, located in the
older area of Carmichael, was selected as an albedo case because all the exterior walls (and por-
tions of the roof) were heavily shaded by dense vegetation, and also because the owner gave us

permission to permanently re-coat his roof with a white elastomeric coating.

Site 5 was well shaded on the south side but could accommodate two small trees on the
unshaded cast side. Site 6, the southernmost of all, was located in a new residential area that had
a low tree cover. The house itself had little vegetation, particularly on the west side. We
decided to position two trees to shade the west windows and partially shade the condenser unit.
Also, the roof was highly insulated, thus establishing another reason for monitoring this site as a

vegetation, not albedo, case. Thus sites 5 and 6 were monitored for vegetation effects.

Site 8 was a mirror image of site 1 and adjacent to it. It had no vegetation cover and accord-
ingly, we decided to use it as a vegetation case. Finally, at the school site, we monitored two
classrooms for the impacts of albedo modification. The units were adjacent to each other (~0.5
m gap between them) and had similar exposure, dimensions, occupancy, cooling systems, and

other characteristics.
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Table II-1 Site and Building characteristics.

Building description, schedules, thermostat settings,
and other vital information is listed below for all sites.
Unknown characleristics and those determined by qualitative inspection

are marked with symbols (see footnotes).

Site— Site 1 Site 2 Site 5 Site 6 Site 7 Site 8 SitecB
Case— (control) (albedo) (vegetation) (vegetation) (vegetation) (vegetation) (albedo)
Building Type— house house house house house house school
Site vegetation® moderate heavy moderate low moderate-low | low low
Neighborhood vegetationt | moderate-low moderate-heavy | moderate-low | low moderate moderate-low | low

Albedo® low low low moderate-low | low low moderate-low
Neighborhood albedo} moderate moderate-high moderate-high | moderate moderate-low | moderate moderale
Building description

it 1000 1825 1500 1200 1450 900 960

Building age 8 29 5 4 10 8 2

No. of stories 1 1 1 1 1 1 1

Roof material comp. shingles | rolled comp. comp. shingles | asph. shingles | comp. shake comp. shingle | corrug. metal
Wall material stucco/brick plywood wood siding stucco/siding stucco stucco plywood siding
Roof insulation R-19 R-11 R-19 R-30 R-19 R-19 R-19

Wall insulation R-11 R-8 R-11 R-11 R-11 R-11 R-11

Windows 2-pane 1-pane 2-pane 2-pane 2-pane 2-panc 2-pane
Foundation slab crawl slab slab slab slab crawl

Air conditioner ceniral central 3.5T central 3T central 3T central central HP 34600
Heater central gas 90000 Btu HP Furnace gas 42000 Btu | central HP

Duct ceiling crawl ceiling ceiling ceiling ceiling ceiling
Schedules

No. of occupants 1 2 2 4 6 1 0 summer,~20 school
Weckday schedule 0 (700C-1830) 0 (700-1830) 0 (530-2000) 0 (800-1700) § 0(800-1700) | ~20(800-1700)
Weekend schedule 0 (1/2 wknd) 2 (all) 1 (all) vary § vary 0 (alt)
Thermostat setting

Heating (°F) 68 68 70 68 68 70 §

Cooling (°F) 72 80 80 80 not used 82 78

* Pre-monitoring conditions

t Excluding garage

§ Determined by visual inspection

§ Information not available at this time
Abbreviations: comp. = composition, asph. = asphalt, corrug. = corrugated, wknd. = week end

1¢



22

C. Modifications
Albedo Madifications
Site B

One of the two school bungalows was painted twice (with different colors) to test the
effects of albedo modification on surface temperature and air conditioner energy use. On 8-9-91,
we started logging data for the "basecase" configuration, that is, the school as it was. Based on
our measurements, the metallic roof had an albedo of 0.34 (and an estimated emissivity of about
0.3). On 8-21-91, we started logging data again, after the roof and the southeast wall were
painted dark brown (the actual painting took place on 8-19). Our measurements indicated an
albedo of 0.08 (and an estimated emissivity of (.95) for the brown paint. Finally, on 8-30-91, we
began logging data after the roof and the southeast wall were painted white (actual painting took
place on 8-28), with a version of the Enerchron® white elastomeric coating. Our albedo readings

indicated a value of (.68 (we ussumed a similar emissivity as that of the brown paint, i.e., 0.95).

Site 2

We started to download data from this site on 8-22-91. The basecase albedo for the black-
painted rolled composition roof was ().18 over the living area and 0.30 over the garage (not con-
ditioned). After painting with a reflective version of Enerchron®, our measurements indicated
albedos of 0.77 over the living area and ().81 over the garage. A yellowish hue over the living
areas (resulting from fallen leaves) was the reason behind the lower albedo values. Data logging

with the white roof started on 9-13-91.

Tree Modifications

Tree modifications were performed mainly with trees in movable containers placed adja-
cent to walls and windows. At the time of positioning (9-24-91), these trees had a leaf cover of
about 50% based on our estimates. The following information is available to characterize the

small trees that were placed on the vegetation sites:

e Leaf-Area Index (LAI): the cumulative leaf area integrated over a specified height range
(usually from stem height to crown height) divided by the site area (ground surface) the tree

is occupying: We estimate the LAI to be around 2.
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e  Stem height: the height above ground of the lowest stem branchings: ~1.5 m.
e  Crown heignt: the height above ground of the highest stem of the tree: ~2.4 m.
e  Canopy diameter: the diameter of the canopy as seen from above the tree: ~1-1.5 m.

e  Silhouette area: the projected area of the tree’s canopy (such as that seen by the sun or the
: 2
wind): -2 m~.

e  Porosity: the amount of unobstructed area seen through the canopy by an observer at a

specified direction (such as from a wall or underneath the tree): ~ 50%.

Although these trees can grow to 9 m tall by about 9 m abreast, their sizes at the time of

monitoring were small. Their impacts on energy use will be much larger once they grow to full

size.

Site 5

This house was well shaded on the south and north sides. On the west side there was only
one small window, but on the east side there were two bedroom windows that we shaded with
two of the trees described above. These trees were removed at the end of the data collection

period, as they blocked the narrow walkway on the cast side of the building.

Site 6

This site had no trees on the west-facing side. We shaded two west-facing windows and
partially shaded the condenser unit (also located on the west side of the house). An additional

tree was placed to shade one bedroom window on the south.

Site 7

This site had a relatively low amount of trees. The windows facing south west, north west,
and north east were all unshaded. There was a tall tree on the south side of the building, but it
was too far removed to cast any shadows on these windows. We positioned two small trees so

that the south west windows were shaded.
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Site 8

This site had a very low tree cover (the lowest among all others considered in this study). It
had a translucent patio cover on the south west corner that did not block solar radiation. A large
tree (6 m across, 8 m tall) was planted on the south west corner of the building on 9-17-91.
Because the truck could not get close enough, the tree was planted relatively far (~5 m) from the
southwest corner. This tree would thus cast a shadow on the wall starting at about 4 P.M.. In
addition to this permanent tree, 7 other small trees (as described above) were placed along the

south wall to shade the windows and portions of the wall as well as the condenser unit.

D. Meonitoring Protocols

Prior to the start of monitoring, we developed detailed experiment design protocols for each
site. These protocols, which act as stand-alone documents, are contained in Attachment B.
While the specifics of each site dictated variations in the experiment protocols, the essential

features are the same, and are described below.

Measurement Goals

Each site was identified as either the control site (site 1), a vegetation site (sites 5, 6, 7, and 8), or
an albedo site (sites 2 and B). Regardiess of whether a test site was to be used as an albedo case
or a vegetation case, certain indoor and outdoor variables needed to be measured. The equip-
ment used for these measurements and the instrumentation methods are described Chapter III

(Equipment, Instrumentation, and Calibration).

Data Product and Qutput

There are two types of products to be expected from each site. First, environmental characteris-
tic data such as building albedo, vegetation type/tree cover, and view factors were evaluated.
Second, microclimate and energy use data for the air-conditioning unit were recorded. Data
analysis included initial examination of the data for outliers, missing data, and signal-saturated
output. The next phase of data analysis consists of two categories: intercomparison among all
sites within the pre-modification period, and intercomparison with concurrent data from other

sites and prior data from the same site after modification.
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Experimental Design Approach

A schedule was proposed for modifying each site. The goal was to monitor each building in
each phase of modification for at least two weeks. Unfortunately, this was not possible in all
cases. [nitially, it was planned that certain sites would be returned to the base configuration near
the end of the monitoring period. This was not done. It was also necessary to specify standard
operating procedures for the buildings, so that the data analysis could proceed with as few vari-
ables as possible. It was therefore requested that: windows remain closed at all times; thermostat
settings be identical and constant; and lights be turned on and off in a consistent, similar, and
predictable fashion. During the course of the monitoring period, some anomalous data were

recorded and later explained to be a result of a deviation from the standard operating procedures.

Data Analysis

Data analysis proceeded under the assumption that changes in air-conditioning energy use were
resulting from albedo and vegetation modifications. As has been pointed out elsewhere in this
report, this assumption may not be valid in some cases. Each protocol document contains a table

that gives the sampling/averaging and logging intervals for each sensor.

Data Accuracy, Quality Control/Verification, and Format

During the monitoring period, data were downloaded by SMUD and sent to LBL on 3 1/2 "
IBM-formatted disks. Initial data analysis had proceceded without benefit of pre- and post-
calibration analysis but was iater adjusted accordingly. The data-reduction procedure was also
refined to account for sensor error/drift. A post-calibration of the equipment was performed to

aid in defining data accuracy and correcting for sensor error.

At the end of each protocol document is a site drawing depicting the orientation and layout
of the building. This drawing also specifies the locations of each sensor, including the weather
station. The locations of the condenser «nd air handler, potential locations for trees (at vegeta-

tion sites), and the locations and sizes of windows are shown.
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III. EQUIPMENT, INSTRUMENTATION, AND CALIBRATION

The study required the measurement of numerous variables at each site. To facilitate an
orderly procedure for these measurements and to ensure data quality, we developed methods for
using and interfacing sensors. The following three sections are devoted to the tasks of: (a)
describing the sensors used, how they work, and how accurate they are; (b) discussing in general
how we used these sensors to perform the measurements we required; and (c) explaining how we
calibrated and/or verified the performance of the sensors. In addition, we also discuss our tech-

nique for measuring roof albedo.

A. Equipment Description

Depending upon the requirements at a given site, we employed a variety of sensors to
measure the necessary variables: air temperature, surface temperature, relative humidity, wind
speed, wind direction, solar radiation, air conditioner energy use, and sub-surface soil tempera-
ture and moisture. Sensors were used to monitor these variables for either a 10 minute time step
(for those variables that change quickly), or 20 minute time step (for those that do not change

rapidly). A brief description of these sensors follows.

Temperature: Indoor, outdoor, surface, soil, and supply and return air temperatures were
measured using 24-gauge type-T thermocouples from Omega. These thermocouples have a
quick response and are generally accurate to within a degree Celsius. In all uses of these ther-
mocouples, it was necessary to extend the length of the wire by using 24-gauge type-T thermo-

couple wire, also from Omega.

Relative Humidity and Air Temperature: The Hygrometrix Inc. Model P-20-HT combined
humidity and air temperature probe (and associated electronics conditioning box) was used to
measure ambient indoor and outdoor relative humidity and air temperature. The humidity sensor
is a composite of organic and inorganic crystals that sense moisture by the hygromechanical
stress of crystallite structures actin.g on a metal beam. The resulting strain of the beam is meas-
ured by silicon strain gauges bonded to the beam. This sensor is mounted in a 1/2-inch diameter
probe (roughly 4 inches in length). This probe is connected to a signal-processing electronics
box through standard six-wire phone cable. The signal-processing box generates two voltage
signals that represent relative humidity and air temperature. Hygrometrix claims a full-range

linear response to relative humidity from 0 to 100 %.
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Wind Speed and Direction: The Model 038 Sentinel wind speed and direction probe from
Met One was used to characterize the local wind. The wind speed sensor is a cup anemometer
that has a range of 0 to 100 mph with a starting threshold of 1 mph, and a stated accuracy of +
0.25 mph. The anemometer utilizes a sealed magnetic switch that produces two pulses per revo-
lution at a rate proportional to wind speed. The wind direction sensor position is transmitted by
a 10 K Q potentiometer. The range of wind direction measurement is 0 to 360 ° with a starting

threshold of 1 mph and an accuracy of = 3 °.

Solar Radiation: A Licor Pyranometer Sensor, model LI-200SA, was used to measure
incoming solar radiation. This instrument uses a silicon photovoltaic detector mounted in a fully
cosine-corrected head. The pyranometer spectral in response (0.1 - 1.2 um) does not cover the
full range of the solar spectrum. Licor claims, however, that under natural daylight conditions,
the LI-200SA is accurate to within 5%. The sensors we acquired had sensitivity ranging from 90
to 98 pA /1000Wm .

Soil Moisture: Delmhorst Inc. gypsum block soil moisture sensors were used to measure
soil moisture tension. These blocks are made of gypsum cast around two concentric electrodes.
When a block is connected to a voltage source and allowed to come into equilibrium with moist
soil, current flows bctween the clectrodes. By measuring the electrical resistance of these
blocks, available soil moisture can be inferred using an empirical look-up table provided by

Delmhorst.

Air-conditioning Energy Use: The PM-1000 power monitor from Rochester Instrument
Systems (RIS) was used to mieasure air-conditioning energy usage. The PM-1000 works by
measuring line voltage and current, electronically computing the energy being used, and report-

ing a pulse output which is proportional to Watt-hours.

Data Logger: In order to record and store data continuously over the course of the investi-
gation, Zi-Tech Instrument Corporation Dataloggers, model DT100F, were used. These data
loggers allow 23 differential analog channels of input and 9 channels for digital input. They

come equipped with thermocouple linearization and cold junction compensation circuitry.

Albedo: To measure albedo, we used an Eppley PSP (Precision Spectral Pyranometer), a
high-precision radiometer that is sensitive to radiant energy in the 0.28-2.8um band. That PSP
yielded an output of 9.98 uV per W/mz, had a linearity of +0.5% between 0 and 1400 W/mz, and
a response time of 1 second. These characteristics were obtained based on calibration at the EPP-

LEY Laboratory, in Newport, R.1.
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The double-dome design of the PSP minimizes the effects of convection (on read-out)
resulting from tilting the pyranometer at different angles. For this reason, the PSP was especially
suitable for the type of albedo measurements we performed in this project, since the measure-

ments required the apparatus to alternatively face up and down.

The PSP was mounted at the end of a stand we designed for this purpose in another project.
For each roof, we took several measurements to detect any spatial variation in albedo (which we
did in some cases, e.g:, Site 2). The albedo values we obtained in this field project compared
well with the values obtained from roof albedo measurement tests on other sites that we per-

formed in another project.

B. Site Instrumentation

Air Temperatures: Air-conditioning supply and return air temperatures were typically
measured by feeding the end of a thermocouple through the ducting so that the tip of the thermo-
couple was roughly one inch from the outlet vent of the ducting. This provided representative
supply and return temperatures. Indoor and outdoor ambient air temperatures were measured

using the temperature output from the Hygrometrix sensor mounted as discussed below.

Relative Humidity and Air Temperature: The indoor relative humidity/air temperature sen-
sor was typically placed at least 2 feet below ceiling level with the tip of the probe roughly 6
inches away from the wall. In order to measure typical indoor ambient conditions, these sensors
were located so that they were not influenced by the impingement of cool air from air condi-
tioner supply vents. The outdoor humidity/temperature sensor was usually placed underneath a
deck overhang or eave so that it was not subject to direct insolation. Furthermore, to ensure that
representative ambient outdoor conditions were being measured, this sensor was located so that

it was well ventilated.

Wind Speed and Direction: The Met One wind sensors were mounted on a section (3 to 5
feet long) of PVC pipe. This piping was, in turn, secured to either the rooftop or a corner of the
building so that the sensors themselves were roughly 3 - 5 feet above roof level and about 20-25

feet above ground.

Soil Temperature and Moisture: Sub-surface soil temperatures were measured using type-
T thermocouples mounted in a sealed probe, as depicted in Figure III-1. This probe was
installed in the soil by digging a 6 inch diameter, 24 inch deep hole with a standard post-hole

digger. The soil temperature probe was then positioned in the hole so that the first brass tube
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was 4-1/2 inches from the surface. The three brass probes were then pushed into the side of the
hole in order to cause minimal disturbance to the soil. The hole was then backfilled with dirt,

installing the moisture sensors at two depths. The resulting soil measurement system is depicted
in Figure III-1.

Data Loggers: In order to simplify the connection of the many sensors at each site to the
data logger, we prepared each data logger in advance by internally wire-wrapping certain circui-
try connections. This resulted in the ability to connect sensors quickly and easily at a test site
and program the data logger to average, record, and save data. Data were typically saved at 10

minute intervals and down-loaded by phone modems every 3 days. Data loggers were placed in

the garage (at residential sites) and inside classrooms (at the school site).

Figure II1-1. Moisture and temperature probe
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C. Calibration

Bench Calibration and Conversion Constants

Prior to the dynamic (field) calibration that we performed, bench calibration was carried

out. When interpreting the output, conversion from analog to digital and to meaningful physical

units was necessary. For wind speed, wind direction, and solar radiation, the following conver-

sions were used:

1.

The cup anemometers were calibrated to give two pulses per revolution. An rpm (revolu-
tion per minute) count is obtained by dividing the pulses in a minute by a factor of 2. Then,

, . -1
equation 1 is used to converttoms :

w

O 10.44704 1)
37.5067

V(m isy <

where w is rpm. The wind speed data we present in this report are 10-minute averages.

The wind vanes circuitry was supplied with 5 volts DC, and wind direction was found as a

linear function of voltage output (V) by:

0= 72V )

where V is the output voltage and 0 is degrees clockwise from north. The wind direction

data we present in this report are instantancous values at the end of each 10 minute interval.

Each photometer (pyranometer) was supplied with a calibration constant taken from bench
tests. At the monitoring sites, each photometer was connected to a millivolt adapter with a

resistance of 147 Q. Conversion to W m'2 units was obtained from Table I1I-1.

Pre- and Post-Retrofit Dynamic Calibration

Before installation at the residential and school sites, the sensors and data-loggers
were dynamically calibrated side by side in a large open yard at SMUD. After the end of
the project, the sensors were recalibrated to make sure no drift had occurred. Data from
post-calibration are discussed in this section since some sensors were not available when
we performed pre-calibration. We should note that for available sensors, both pre- and
post-calibration indicate the same performance. Each combination of sensors, wires, con-

nections, and a data-logger formed a "set" of components that we kept together at the
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TABLE III-1. Photometers calibration constants (W m'Z/uA) based on bench calibration
at manufacturer site. Individual photometers were connected to a millivolt adapter with a
resistance of 147Q.

PHOTOMETER Multiplier
w m'2/uA

Site 8 (photometer A) 11.05
Site & (photometer B) 10.75
Site 2 10.55
Site 6 (photometer A) 10.17
Site 6 (photometer B) 10.99
Site B 91.1

calibration site and after we moved the equipment to the monitoring sites. The components
of each sct were identified by their serial numbers. Each of the pre- and post-calibration
periods lasted for one week. Pre-calibration was performed in August 1991, whereas post-

calibration was performed in December 1991.

In the dynamic calibration configuration, sets of sensors and data-loggers were posi-
tioned side by side in an open yard. Similar sensors, e.g., wind vanes, cup anemometers,
photometers, etc., were grouped together and placed very close to each other. The purpose
of dynamic calibration was to detect potential deviations in readings of similar sensors, as
well as to test the correlation in readings of the same variable as measured by different sen-
sors, e.g., air temperature measured by thermocouples vs air temperature measured by
RTDs (Resistance Temperature Detectors). A week of post calibration yielded the formulas

and correiations given in Tables I11-2 through I11-4.

These tables provide correlations among variables between a specific site (set) and the
control site (set). In addition to these correlations, other relationships within each set (each

site) were developed involving indoor air temperature sensors and thermocouples. These




32

TABLE 11I-2. Air temperature sensors calibration. "c" means corrected temperature,

and the numbers refer to corresponding sites. Control air temperature is at Site B, and a is

significance of F-Test.

Correction Adj. R? «a

T5¢=10.9545TS +0.5189 0.9934 0.0001
T2c =0.9641 T2 +(.5420 0.9941 0.0001
Tlc=0.9533T1 +(.5392 0.9967 0.0001
T7c =0.9456 T7 + 0.3092 0.9889 0.0001
T6c = 0.9555 T6 + 0.4318 0.9975 0.0001

TABLE I11-3. Solar radiation sensors calibration. "c" means corrected solar radiation,

and the numbers refer to corresponding sites. Control solar radiation is at Site B, and a is

significance of F-Test.

Correction Adj. R® a

Koc = 0.9563 K6 + 3.4239 0.9463 0.0001
K2c¢ =0.9753 K2 + 2.0229 0.9390 0.0001
K8c = 1.0397 K8 + 10.821 0.8812 0.0001

correlations are given in Table III-S. In each case, except for Site 8, the control tempera-
ture was the outdoor air temperature at that particular site. In Site 8, the control temperature
was that of the indoor air, since Site 8 was not equipped with an outdoor air temperature
sensor. In this table, Tai is indoor air temperature, TT means thermocouple temperature, "c"

indicates corrected temperature, and a is significance of F-test.

After subjecting the raw data-files to the criteria and conversions set forth in these sec-

tions, data from each site were manipulated to handle format problems, missing/wrong date
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TABLE I11-4. Wind speed sensors calibration. "c" means corrected wind speed, and the
numbers refer to corresponding sites. Control wind speed temperature is at Site 1, and a is

significance of F-Test.

Correlation Adj. R? a

USc = (1.9603 US + 0.0036 0.9918 0.0001
U2c =0.9200 U2 + 0.1747 0.8412 0.0001
Ube = 1.0717 UG - 0.0754 0.9760 0.0001
U7c =0.9731 U7 + 0.0186 0.9442 0.0001
UBc =0.9859 UB + 0.0084 0.9766 0.0001

and time stamps, and missing/erroneous data.




34

IV. EXPERIENCE WITH MONITORING EQUIPMENT
AND BUILDING MODIFICATIONS

A. Monitoring Equipment
Selection

Criteria for equipment selection were simple and straightforward. We obtained the highest

quality and most accurate equipment available within budget constraints.

e The Zi Tech datalogger was selected from a list of five manufactures for many rea-
sons. Zi Tech’s equipment has a sufficient amount of input channels: 23 differential or
46 single-ended analog inputs, 8 digital inputs, and 8 digital outputs. It had the lowest
cost for the required features and no hidden costs for additional required accessories.
Programming, including communication with the equipment both on a local and
remote level, was relatively simple. Previous experience with other monitoring pro-

jects using this equipment also fuctored in the decision.

e  Sensors selected were typical of equipment commonly used in the field. Besides keep-
ing cost in mind, we decided to obtain high quality and accurate sensors. Also,

delivery time was utmost in importance due to time constraints of this prcject.

Purchasing Equipment

Purchase orders were sent to vendors in the first week of June after all monitoring equip-
ment was finalized and approved. Equipment was ordered at this late date due to increased time
involved with site selection. All equipment was scheduled to and did arrive within a 30 day
period except for the dataloggers and temperature/humidity sensors. The large cost associated
with the dataloggers and temperature/humidity sensors required that they be sent out for bids.
This process delayed equipment arrival by an additional 30 days on top the thirty days required
for delivery from Australia. Though a 60 day period for delivery of monitoring equipment is not
unusual, installation was delayed until the first week of August. To ensure arrival of equipment

in time for future installations, a minimum of 90 days must be allowed for delivery.
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Programming and Data Retrieval

Programming the Zi Tech dataloggers was fairly simple and straightforward. This is due to
pre-wire-wrapping of each datalogger (substituting hardware configuration in lieu of software
programming) allowing the user to assign specific terminals to specific input channels, output

channels, and signal conditioners.

Some problems were encountered with programming the datalogger’s clock to record in the
desired HH:MM:SS (hour:minute:seconds) format. Time format was continuously returned in
the seconds only format. This problem persisted even after confirming the proper programming
of the clock from the manufacturer. We found by chance that the problem occurred when we
were downloading data using the software program supplied with the datalogger. When we
downloaded data using our modem’s communications program (Bitcom), time was returned in
the desired HH:MM:SS format. This condition only occurred using a direct (local) connection

and was never encountered with a remote (modem) connection.

Another obstacle we confronted at the beginning of the data-collection period was a loss of
recorded data. This occurred several times before a solution was found. The condition causing
data not be to recorded was a program flag (/L) to enable data recording being reset to the dis-
able (/1) position. After trial and error and many consultations with the manufacturer’s represen-
tatives, we found the culprit to be the datalogger’s communications program. Once this was
known, a simple solution simple was to not connect the serial cable to the datalogger until the

communication program had fully initialized.

Our data were recorded in 10 and 20 minute intervals. The 10 minute interval was record-
ing 7 to 9 channels whereas the twenty minute interval was recording 8 to 13 channels. So when
the data was downloaded, records of the two separate time intervals were uneven, making it
difficult to align similar channels in the same columns, thus incurring time-intensive data mani-
pulation. To eliminate this condition, all channels should be recorded at the same time interval

wherever possible to simplify data analysis.

Problems Encountered

As expected with a monitoring project of this size, we encountered problems, primarily
related to equipment installed in the field. We were able to identify some of these problems and
remedy them on-line. Other conditions, concerning site control, were not so easily remedied.

All site control conditions, including thermostat settings and window shades schedules,




36

depended on the occupants’ cooperation.

Initial problems with the remote communication with dataloggers in the field occurred
between the phone modem and datalogger. Through numerous discussions with both the
representatives of the modem and datalogger manufacturers, plus our own trial and error we
were able to solve this problem, which was identified as the serial cable between the phone
modem and datalogger. After many combinations of pin configurations were tried, we found the

correct configuration for SMUD’s particular modem pool arrangement.

Sensor problems were minimal (3.5%); only 4 sensors out of 115 sensors had problems.
There were two surface thermocouples and also a pyranometer that had fallen down. All three
sensors were mounted on a stucco wall with duct tape. Heat from the wall and its dryness would
not allow the tape to remain adhered for a long time. This condition was easily solved by apply-
ing a small amount of silicon sealant on the thermocouple and wall and then applying duct tape
over. The pyranometer’s problem was solved by screw-mounting it to the wall. The last sensor
to have a problem was an air-conditioning supply temperature thermocouple that had a bad con-
nection, which we repaired. There were three occasions when the temperature and humidity sen-
sors and watt-hour recordings were incorrect. These were not hardware problems but software
problems caused by power outages and resetting the program incorrectly. These power outages
also caused some of the modems to malfunction, which required site visits to induce a power

reset and then complete reprogramming of both the datalogger and phone modem.

The site control problems concerned the thermostat settings and window operation/shading.
At the school site, all of the thermostats were controlled by a separate timer that we set to identi-
cal schedules. Unbeknown to us, after a series of power outages, these timers were offset by
approximately seven hours until data were retrieved and reviewed. The timers were reset and
their off flags removed to prevent future problems. Once school was in session we experienced
another set of thermostat control problems. The temperature setting was frequently lowered
from 78°F to 72°F in the unmodified (control) classroom. At each data retrieval the thermostat
would usually have to be reset even though it was in a locked cover. There were no similar prob-
lems experienced at the residential sites. What was experienced, however, was a reluctance to
leave all window coverings open as requested. Site 6 would always completely shut window
coverings on the weekend and Site 8 would halfway close the mini-blinds throughout the entire

test period.
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These site control problems affected measured cooling energy use in several ways. At the
school site, the irregularity in the thermostat setpoint affected our cooling energy savings esti-
mates. The air-conditioning system uses more energy when set at a lower indoor temperature.
Removing window coverings increases the heat gain to the house and thus raises cooling energy
use and lowers savings estimates. Problems with power outages, equipment problems, and
faulty sensors limited the amount of data available and lessened the statistical reliability of our

conclusions.

When the majority of data had been collected and some data analysis had begun, the
kilowatt-hour usage of the air-conditioners seemed to be noticeably lower than expected. Even
though we did not monitor the air-handler’s power usage, adding this additional load to the mon-
itored load still did not seem to correct the problem. To verify if the datalogging equipment was
correctly measuring watt-hours, an independent source of measurement was needed. This was
done using a Esterline Angus "Power Master 11IB ac multimeter" and directly comparing its
instantaneous readings with the dataloggers’ in 5 minute intervals. We found that the
dataloggers’ readings were exactly one half of the Esterline’s measurement. The reason was the
installation of the power monitor’s current transformer, i.e., two passes through the current
transformer instead of the single pass that was implemented. In either case, doubling the
datalogger’s recorded power measurements provided the correct energy usage for the condens-

ing units at all sites.

B. Trees

Four of the six residential sites were chosen to be modified with shade trees. Our objective
was to directly shade all south- and west-facing walls and windows and also the air conditioner’s
condenser unit. Although large mature trees were preferred for shade modification, yard access
conditions, existing landscaping, and site owner’s objections reduced our expectations down to
planting one large red oak tree at only one site. Even this large tree could not be planted as close
to the house as desired because of the size of the tree planting equipment and the yard and patio
constraints. Smaller, more portable (hand carried) trees were needed, but the largest portable

tree that could be located in Sacramento were 24 inch box trees.

Limited by the amount of trees available to us for shading, we decided to concentrate on
three sites, Sites 8, 6, and 7, in respective order of importance. At site 8, which had the large oak

tree brought in, we also located seven small trees to shade the south wall. At Site 6, we brought
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in three small trees to shade one west-facing bedroom window and the condenser unit and one
tree to shade one south-facing bedroom window. At Site 7, two trees were brought in to shade
two southwest-facing bedroom windows. After initial placement of these trees, one of the pro-
ject staff returned the next day to relocate them to maximize shading at approximately two to

three o’clock in the afternoon.

Attempting to heavily shade residential sites that previously lacked shade proved to be a
difficult task. First, the number of sites should be kept to a minimum in order to concentrate
available vegetation resources and to reduce the time involved in implementing these
modifications. Second, effort is needed to locate trees of sufficient size and shading. Third, the
logistics of delivering, locating and planting all vegetation (including heavy equipment such as
trucks and forklifts) must be considered. Not to be overlooked are a site owner’s objections and

concerns to be address thoroughly and completely before including them on a final list of sites.

C. White Coatings

SMUD contacted three manufacturers of reflective white coatings to ask if they would like
to have their product tested in this monitoring project. The manufacturers were

1. National Coatings

2. Thermo Materials

3. Helios

Only two of the three manufacturer’s contractors in the Sacramento area returned our call
and expressed interest in participating. Of these two only one contractor considered doing all of
the work involved in modifying the two chosen albedo sites and within our time schedule.
Through this process of elimination we decided by default to use Helios’s Enerchron coating

product at both albedo test sites.
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V. ANALYSIS OF MEASURED DATA AND COMPARISON WITH SIMULATIONS

A. Introduction and Approach

This chapter presents and discusses the resuits of our analysis of the measured and simu-
lated data for the seven buildings that participated in this monitoring project. The chapter
includes a detailed analysis of the measured data, a comparison with the DOE-2 simulated
results, and use of the measured data for calibration of the DOE-2 model. Finally, the chapter
presents the results of our DOE-2 simulations and describes the use of the DOE-2 model to esti-

mate cooling energy impacts over the entire cooling season.

The measurement period for some of the sites was limited to Septe 1ber and October 1991.
These months typically are transitional cooling months in Sacramento, and the measured results
presented here are limited to these measurement periods. With the help of simulations, we esti-
mate the impact of high-albedo roofs and shade trees on cooling energy use for the hot summer

months of June, July, and August.

Although it was clear that we would need to continue the experiment for a second cooling
period, the collection and analysis of the data for the first year provided invaluable insight at a
minimum marginal cost of data collection and analysis. Hence, the data presented in this report

mainly characterizes the base case conditions for the experiment.

Our approach for data analysis includes a presentation and discussion of the measured data
followed by DOE-2 simulation modei development to estimate the energy use of the buildings.
We calibrate our simulation results with the measured data and use the calibrated models to gain

insight into interdependencies among variables.

An important component of this project was to model the monitored buildings using the
DOE-2.1D building energy program and perform computer simulations to better understand and
assess the measured data. The approach for the modeling component of the project included (1)
initial model development using data from site surveys, (2) comparison of the models with
measured data at an hourly time scale, (3) modifications of some of the inputs based on per-
ceived problems with the original simulations, and (4) comparison of the results from the meas-
ured data with model predictions.



40

Once the computer models are calibrated against the monitored data, i.e., adjusted to
correspond as closely as possible to the measured data during the monitoring period, they are
then used to analyze the potential savings for the same strategies under different climate and
building conditions, such as during peak summer conditions, and to extrapolate from the limited
monitoring period to longer time spans, such as over an entire year. In addition, the computer
models can be used to study variations and combinations of tree-planting and albedo strategies
beyond those that were directly measured. The danger of relying solely on simulations is that
the cumulative effects of input errors, simplifying assumptions about building operations, and
deficiencies in the modeling techniques can often produce computer results that may differ from
real measured energy use by as much as 50-100%. This project allowed us to combine the vera-

city of the measured data with the flexibility of computer simulations to extrapolate the resuits.

In the sections to follow, we first discuss the data analysis approach and simulation metho-
dology. Next we present data and discuss results for the buildings that participated in high-
albedo and shade-tree experiments, respectively. The chapter concludes with a summary of the
measured and simulated data followed by a discussion of microclimate variations around the

monitored buildings and a comparison with airport weather.

B. Data Analysis Methodology

Our data analysis approach has two major components: graphical presentation of the meas-
ured data and regression analysis. The collected data have been gathered in different time inter-
vals. We first integrate the 10-minute interval data and produce hourly files. For each building,
we show plots of cooling energy use against drybulb temperature. The plots include hourly kWh
vs hourly outdoor air temperature, daily kWh vs average daytime outdoor air temperature, and
daily kWh vs daily maximum outdoor air temperature. We also present cooling electricity use
plotted against the difference between outdoor and indoor air temperatures. This tends to
suppress the data variations and normalize for the changes in inside temperature. Our plots also

include time series of total daily solar radiation on the building roofs and walls as appropriate.

We have only analyzed the most reliable data from the first year of data collection. Since
some of our measurements, particularly outside surface temperature measurements, are question-

able, we only briefly present and discuss them in this first year report.
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C. Simulation Methodology

The intent of the computer modeling is to mirror as accurately as possible the actual situa-
tions encountered in the field during the monitoring period. Therefore, care has been taken to
model the buildings as realistically as possible, including the materials, construction, insulation
levels, geometry, and surface properties of the buildings, the location of windows, and the shad-
ing effects of overhangs, trees, and adjoining buildings. Similarly, we attempted to duplicate the
internal conditions of the buildings, including the indoor temperature and internal heat gain from
occupants, lights, and equipment. We have also tried to estimate the cooling system characteris-
tics from available data and to accurately model the system performance. In order to reproduce
the actual weather of the monitoring period, we used hourly weather data for August 1 through
October 31 acquired from the National Climatic Data Center (NCDC) for the Sacramento Exe-

cutive airport, supplemented with on-site weather data gathered during the monitoring effort.

We first developed models based on data collected for each site by the LBL and SMUD
pro;. >t teams. These models were the basis for initial comparisons with the measured data. The

data we used in the comparisons consisted of cooling energy consumption and interior tempera-
ture.

We refined the models to the point where we felt that the disagreements between the meas-
ured and simulated data were not significant, or where disagreements, which we could not
explain based on survey characteristics, still existed. We then used the models to assess the
daily energy savings identified in the analysis of the measured data. Finally, we used the models
to estimate savings for an entire year instead of the 2-3 months during which the measurements
took place. In the next chapter, we discuss how the models were used to estimate potential

energy savings from shade trees and high-albedo building surfaces in other climates.

In this section, we describe the model inputs and how they were derived, as well as some of

the primary findings from the calibration task.

Building Geometry and Adjoining Surfaces

Computer models were generated for each of the seven buildings that were monitored in
this project. For simplicity, these buildings will be referred to throughout this section as either

Site 1 through 8 (residential sites), or as Site B (school site). The geometry of the buildings was
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based on measurements made by SMUD, complemented by measurements and photographs
taken by the LBL project team. Although care has been taken to model the buildings as realisti-
cally as possible, there are inherent limitations in the DOE-2 program, modeling approaches, or
data used to develop DOE-2 input that limit the accuracy of the simulations.

A graphics program was created to read the DOE-2 input files and produce three-
dimensional drawings of all surfaces being modeled, including walls and roofs, shading devices
such as eaves and overhead patio shades, neighboring buildings that may shade the modeled
buildings, and vegetation. These computer drawings were used to debug the DOE-2 input files.
Figures V-1A and VI-1B are sample drawings of the DOE-2 input files for Sites 6 and 8, view-
ing the buildings from the southwest. Note that the DOE-2 program models only flat rectangular
surfaces, so that three-dimensional objects such as trees are approximated by a set of flat sur-
faces and end up looking like boxes. In the figures shown here, trees added as part of the experi-
ment are marked in the plan by X’s. The tree surfaces are given a transmissivity value that
approximates'the amount of solar radiation passing through the leaves and the canopy. These
figures also show neighboring buildings, represented by the freestanding surfaces to the north
and west. Shading elements that are above ground level are reflected in the plan by dotted lines.
Garages are modeled as unconditioned spaces attached to the houses. Table V-1 gives the gen-
eral dimensions and internal loads of the houses obtained by reconciling the survey results with

the building geometries derived from the modeling effort.

The internal loads shown on Table V-1 are based on (1) site survey results, (2) electricity
billing data for each site, and (3) standard engineering assumptions. For the residential sites, the
magnitude of the internal loads from appliances and lighting are estimated from the minimum
monthly electricity consumption over the previous 16 months. Previous LBL work has shown
that approximately 75% of typical residential electricity usage is input to the conditioned space
as sensible heat gains and 10% is input as latent gains (Huang et al., 1987), with the remaining
15% occurring outside of the conditioned space. Occupant internal gains are based on the
number of occupants per house as reported in the site surveys as well as previous work
(Ritschard et al., 1992, ASHRAE, 1989). Two different internal gains schedules were developed:
one for occupants and one for appliances. For each of these, we developed schedules for occu-
pied and unoccupied days to account for typical occupancy patterns identified by each building
owner in the original site surveys. The appliance heat gain schedule was taken from the
ASHRAE 90.2 Standard model input (ASHRAE, 1990), and a modified version was used to
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Figure V-1A House 6, tree case, viewed from the southwest: Boxes represent trees, boxes with
x’s represent trees added for the monitoring project. Neighboring buildings and trees are
modeled as building shades in DOE-2. Dotted lines show the ground projection of building

shades.




44

Neighboring Building

Neighboring Building

FeF——
20 feet

Figure V-1B House 8, tree case, viewed from the southwest: Boxes represent trees, boxes with
x’s represent trees added for the monitoring project. Neighboring buildings and trees are

modeled as building shades in DOE-2. Dotted lines show the ground projection of building
shades.
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describe the unoccupied condition. The occupancy schedule was taken from previous California
Energy Commission work (Muira, J. and Horn, M., 1980), and was also modified to describe the
unoccupied condition. For the School, a simple 9 A.M. to 4 P.M. weekday schedule was used

with a 1.5 watts/ft? lighting load and occupancy of 25 children.

Table V-1. Building Geometry and Internal Loads Used
in the DOE-2 Simulations

Cond. Cond. Exterior  Internal Internal loads
floor volume  Perimeter wall wall
area length height area Sensible Latent
(ft?) (f6) (ft) (ft) (ft?) (Btu/day) ratio*
Site 1 1122 10098 143 8 800 30000 0.22
Site 2 1701 15309 201 8 1436 31000 0.22
Site 5 1544 13896 192 8 1480 42000 0.20
Site 6 1291 11619 156 8.5 990 47000 0.20
Site 7 1165 10485 189 8.5 1000 66000 0.18
Site 8 1122 10098 143 8 800 47000 0.19
School ¥ 960 9600 128 10 0 68000 0.40

» Latent load (Btu/day) = Sensible Load x Latent Ratio

t Lighting 1.5 waus/ft2 plus 25 per students x 350 Btwhr (ASHRAE 1989) from 9 am to 4 pm.

Thermal Integrity

The insulation characteristics of each house are based on information reported in the sur-
veys, or, for the school bungalows, on the building’s engineering drawings and specifications.
The existing roof and wall albedos were estimated based on the material and color shown in the
photographs taken by the LBL project team. In Sites 2 and B, the roof albedo was obtained from

on-site measurements by the LBL staff. The window characteristics are also taken from the
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survey results, while an average effective-leakage-fraction of 0.0005 (leakage area/floor area),
corresponding to an infiltration rate of around 0.5 air change/hour, was assumed for all buildings.

Table V-2 summarizes the conservation levels used in the DOE-2 simulations.

Table V-2. Building Conservation Levels and Base Case Surface Characteristics
' Assumed in the DOE-2 Simulations

Roof/Ceiling Wall Infilt- Num. of
R- Color/ R- Color/ ration window
Site value  Albedo material value  Albedo  material (approx. ACH) panes
tan tan
Site 1 19 0.40 shingles 11 0.30 stucco 0.5 2
siiver khaki
Site 2 11 0.18 composition 7 0.30 wood 0.5 1
med brown It tan
Site 5 30 0.16 shingle 11 0.50 wood 0.5 2
It brown . It blue
Site 6 30 0.35 shingle 11 0.40 stucco 0.5 2
med brown off-white ‘
Site 7 19 0.16 shingle 11 0.45 stucco 0.5 2
med brown tan
Site 8 19 0.16 shingle 11 0.30 stucco 0.5 2
dull white tan
School 19 0.34 metal 11 0.30 wood 0.5 1

* Wall between house and garage is uninsulated.

HVAC System Characteristics

System types, capacities, and air flowrates are based on site reports, supplemented by cool-
ing equipment product literature for some sites, and are listed in Table V-3. For air-conditioner
efficiencies, Site 2 had the most complete and reliable data because it was a newer, high-
efficiency unit. Sites 5 (with a heat pump), 6, and 7 had enough information to make reasonable
estimates. No information was available for the heat pumps at Sites 1 and 8. The same cooling
efficiency was used at these sites as at Site 5, the other heat pump site. The cooling efficiency at

the school site is an estimate.
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With the product data for sites 2 and 7, a comparison of cooling performance at part-load
and at non-rated outdoor drybulb and indoor wetbulb conditions was made to assess the reliabil-
ity of the DOE-2 cooling system default curves. The differences for these sites were considered
not significant enough to develop specific equipment efficiency and capacity curves for each site.

Heat pump heating efficiencies are taken from the product literature.

The thermostat settings were originally based on the experimental design control, calling
for constant 78 °F (25.5 °C) setpoints in all houses and the school. However, schedules and set-
points were developed for each building to closely match the measured data. Those presented in
Table V-3 are the final input values used. For Site 1, we developed a thermostat setpoint
schedule to best mimic the measured interior temperature data. The thermostat in the school
control building, once occupied, was frequently readjusted downward. For the final DOE-2
simulations, the thermostat was set at 70 °F (21.1 °C) to best match the metered data. Other
observations relating to the thermostat operation are discussed later in this chapter. In addition,
we modeled the buildings with windows closed. The occupants were asked to keep the windows

closed at all times so that cooling provided by window venting would not be a factor in the
results.

Supply fan wattages, while not directly measured and not included in the measured data
except for at Site B, were estimated to have an air flow of 0.333 W/CFM for the house sites and
0.417 W/CFM (733 Watts) at Site B.

Distribution System Location and Efficiency

Initial comparisons between simulated and measured cooling energy consumption data
showed that the simulation models were underpredicting peak cooling use by 100% or more.
This suggested that there may be substantial inefficiencies in the cooling systems at most sites.
This may be due to (1) air conditioner inefficiencies, or (2) duct system inefficiencies. Without
adequate testing of all the HVAC equipment, we cannot definitively determine the source of this
inefficiency, but previous work has shown there are significant losses in residential duct systems
in California due to air leakage and conduction. Moreover, there is a large variation in the

amount of duct leakage across different buildings (Modera et al., 1991, Proctor and Pernick,
1992).
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Table V-3. System Characteristics Assumed in the DOE-2 Simulations

Heat Cool Heating Equip Cooling Equip Air flow
Temp. | Temp. Cap. Eff. Cap. Eff. Rate
Site ® (F) Type  (Btuhr) (%/COP) | Type (Btwhr) (COP) (CFM)
House 1 68 78% HP 21000 21 HP 24000 2.1 800
House 2 68 80 Furn 90000 70 A/C 40000 3.57 1060
House 5 70 78 HP 29000 2.1 HP 29000 2.1 1060
House 6 68 82 Furn 60000 70 A/C 38000 235 1200
House 7 68 78 Fumn 47000 70 A/C 36000 2.77 1200
House 8 70 76 HP 21000 2.1 HP 24000 2.1 800
School 68 78° HP 50000 2.7 HP 34600 2.7 1760
Note: Heating scibacks were used at Site 2 and the School.

T Schedule used, with cooling enabled at 3 p.m.

* School control building modeled with 70°F thermostat setpoint.

In cooling mode, supply ducts leak conditioned air and conduct heat from the zones they
pass through, while return ducts pick up unconditioned air from these zones. Thus, the location
of the duct system is also important in determining the efficiency of the system. At all houses
except for Site 2, the supply and return duct systems are located in the attic. At Site 2, the sup-
ply ducts are in the crawlspace while the return is located fully within the conditioned space,
since the air handler and coils are in an interior closet. In fact, in this building there are virtually
no return ducts. Thus, it is not surprising that early simulations of the buildings showed a sub-
stantial under-prediction of measured cooling energy use at all sites except for Site 2. The duct

locations are summarized in Table V-4.

Based on measured data and simulations performed by Modera et al. (1991), a simple duct
efficiency model was incorporated into the DOE-2 simulations. Results from a series of detailed

building and duct system simulations performed on typical houses with attic supply and return
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Table V-4, Ceiling and Foundation Construction and Duct Locations for
House Sites in the SMUD Project
Year Ceiling Foundation Supply Return Duct Duct
Site Built Construction  Construction Duct Duct Insulation*  Condition*
Sitel 1984 Attic and Slab Attic Attic and
Vaulted Garage
Site2 1963 Low-Pitch Crawl Crawl Indoor Yes Good
Vaulted Closet
SiteS 1987 Attic Slab Attic Attic and Yes OK-flexduct
Garage
Site6 1988 Attic and Slab - Attic Attic and
Vaulted Garage
Site 7 1982 Attic Slab Attic Attic and
Garage
Site8 1984 Attic and Slab Attic Attic and
Vaulted Garage
SiteB 1989 Dropped Crawl Dropped None
Ceiling Ceiling

¢ From previous house audits by Modera et al. 1991,

ducts were used to correlate duct efficiencies with (1) outdoor drybulb temperatures, (2) attic
temperatures, and (3) solar gain. The fit of the efficiency data to attic temperature was good.
Two different duct conditions were modeled; one for typical California duct systems and one for
improved ducts with one-half the leakage of typical ducts. The ducts in both cases are insulated
with R-4 duct insulation.



50

We have complete data on the duct systems for Sites 2 and S from an earlier study (Modera
et al., 1991). Both of these sites have ducts that are closer to the typical levels of leakage than
the improved level. We have no data on the duct conditions in the other homes. Thus, we
modeled all sites with the typical duct efficiency model except for Site 2 and Site B. At Site 2,
the supply ducts are in a crawl space and there are essentially no return ducts, and we have not
yet characterized the performance of this type of duct system. In addition, cooling performance
of these ducts will not be as degraded, since there is no return duct and the supply ducts are in
the crawlspace, which will not be as warm as the attic. At Site B, all of the ducts are in the con-

ditioned space of the buildings. The duct efficiency regression lines are as follows:

New: duct.eff = 1.346 - 0.00656 x attic.temp (R? = .84)
Old: duct.eff = 1.379 - 0.00766 x attic.temp (R? = .85)

In the DOE-2 model, the efficiency of the air conditioner is recalculated each hour based on
the previous hour’s attic temperature. In addition, the cooling capacity of t